The use of genomic DNA-based techniques in ecological and evolutionary studies has been limited by the availability of suitable probes for species of interest due to the technical difficulty of isolating and applying such probes. We have developed a simple technique that directs polymerase chain reaction (PCR) amplification to regions rich in variable number of tandem repeats (VNTRs). By using published VNTR core sequences as primers in PCRs, fragments were amplified that showed little variation within a species, but did show differences between species. When the amplified fragments were used as probes with genomic DNA Southern blots they produced hypervariable singlelocus or few-locus patterns in fish, birds, and humans. We have named this procedure as Directed Amplification of Minisatellite-region DNA (DAMD).
INTRODUCTION
In general, PCR techniques have many potential applications in ecological and evolutionary studies due to their technical ease and the small amount of DNA required (1) . PCR techniques such as random amplification of polymorphic DNA (RAPD) (2, 3) have been used for the analysis of parentage and kinship (1, 4, 5) , for stock and strain identification (1) , and for species identification (1, 4, 6) in wild and experimental populations of plants and animals. One drawback of RAPD is the low stringency necessary for successful amplification which can lead to non-reproducible banding patterns (7) . Since minisatellite or VNTR sequences occur in many diverse species of plants and animals (8) they should be effective as PCR primers at relatively high stringencies in a wide range of species. Furthermore, we reasoned that at some VNTR loci, some of the repeated core sequences may become inverted in orientation due to local inversions or other chromosomal rearrangements. If such events moved repeats so that single-copy DNA was present between them, then PCR using a single VNTR core primer may amplify sequences historically adjacent to highly variable loci. This PCR application, Directed Amplification of Minisatellite-region DNA (DAMD), would thus produce RAPD-like results at considerably higher reaction stringencies and the amplified fragments could also potentially be used as single-locus VNTR probes without the necessity of DNA library screening, cloning or sequencing. We have used DAMD to produce species-specific electrophoretic banding patterns for three species of salmonids, humans and birds. A single-locus VNTR DNA probe was subsequently developed from chinook salmon (Oncorhynchus tshawytscha) DNA, and two other potentially useful probes from quail (Coturnix japonica) and human DNA.
MATERIALS AND METHODS

Polymerase chain reaction
Genomic DNA was extracted from blood or tissue using a modified salt-precipitation protocol described elsewhere (9) . Approximately 200 ng of genomic DNA from chinook salmon, human, and quail were used as template for 50 jtl PCRs. Each reaction had 500 ng of one of the synthetic oligonucleotides INS, YNZ22, M13, YN73, and PERI as primer (VNTR core sequences: INS, ACAGGGGTGTGGGG (10); YNZ22, CTC-TGGGTGTCGTGC (10); M13, GAGGGTGGNGGNTCT (11); YN73, CCCGTGGGGCCGCCG (12); PERI, GACNGGNA-CNGG (13)); smaller amounts of primer yielded unreliable results. The balance of the PCR was Cetus buffer (50 mM KC1, 10 mM Tris (pH=8.3), 100 /tg/ml gelatin), MgCl 2 (1.5 mM), dNTPs (200 pM each), and Taq DNA polymerase (0.05 U//il). Reactions were run for 35 cycles with a 55 °C annealing cycle (1.0 min), 72°C extension cycle (1.5 min), and a 95°C denaturing cycle (1.0 min) in a Perkin Elmer Cetus DNA thermal cycler. The resulting reactions were fractionated on 1.5% low melting point agarose gels for 3-4 hr at 70 V in a coldroom (~8°C). Under UV transillumination, clearly distinguishable bands were cut out and stored at -20°C.
Fragment hybridization
Genomic DNA from each of the three species were digested with Hae HI, size fractionated on 0.5% agarose gels, and transferred to Nylon membranes as described elsewhere (14) . Individual DAMD-generated DNA fragments from chinook salmon, human, and quail were screened for potential single-locus probes by hybridization with the Southern blots of genomic DNA from their respective species. The frozen gel slices were heated to 68°C for 15-30 min, then 8.0 p\ were immediately added to a 50 id random priming reaction as described elsewhere (15) . The random priming reactions were incubated at 37 °C to minimize the solidification of the agarose. The membranes were hybridized with the radiolabelled DNA fragments (16) , washed, and exposed to X-ray film for 1 -2 days with an intensifying screen at -70°C. A total of 26 gel slices (i.e. bands resulting from the DAMD) were screened: 12 chinook salmon, 8 human, and 6 quail gel slices.
abcdefgM abcdefghiMjklm Sequencing One chinook salmon DNA fragment (~400 base pairs) that appeared to detect a highly-variable locus was re-amplified using 'touchdown' PCR protocol (17) . The thermal cycles started at an annealing temperature of 65 °C and reduced by one degree each subsequent cycle to a minimum of 50°C, followed by an additional 20 cycles at 50°C annealing temperature. The PCR product was gel purified following the protocol of Prep-A-Gene DNA Purification Matrix (Bio-Rad, Life Science Group, Hercules, CA, USA). The PCR-amplified DNA was blunt-ended with T4 DNA polymerase (14) and cloned into the pBluescript IISK+ vector (Stratagene Cloning Systems, LaJolla, CA, USA) (14) . Double-and single-stranded DNA were prepared from the positively screened clone and sequencing was performed in both orientations using a Sequenase kit (United States Biochemical Corp.) and was analyzed with PCGene software (Intelligenetics).
RESULTS AND DISCUSSION
DAMD yielded fragment patterns with from one to ten clearly distinguishable bands using chinook salmon, human, and quail DNA templates. The number and positions of those bands depended on species and primer (Fig. 1) . Although there was some variation between individual chinook salmon with a single primer (Fig. lb) , most of the bands were not variable. There were, however, significant and consistent differences between the three species of salmonids, with the more closely related rainbow trout, Oncorhynchus mykiss, and chinook salmon having more bands in common than with the Atlantic salmon, Salmo salar (Fig. lb) . Even greater differences were evident between fish, birds and humans ( iin Figure 2 . Autoradiographs of membranes probed with radiolabelled DNA fragments generated by random hexamer priming (IS) of DAMD-derived potential singlelocus probes. Autoradiographs 1 -3 show families of chinook salmon hybridized with the chinook salmon probe OtSLl. All alleles segregated faithfully from parents to offspring, except for the paternal allele in offspring 'c* in family 1 (marked by an arrow). This mutation represents an increase in molecular size of between 1 and 2 kb, depending on which paternal allele mutated. The quail autoradiograph ('QUAIL') shows two unrelated individuals (lanes 1 and 2) , and female and male parents with four offspring (lanes a-d) . The human film ('HUMAN') shows female and male parents with two offspring (lanes a and b) .
When DAMD-generated fragments were hybridized with genomic DNA, they yielded one highly variable single-locus probe (named OtSLl) for chinook salmon from only twelve fragments screened. DAMD also generated one human probe and one quail probe that gave relatively simple banding patterns (Fig. 2 ) from eight and six fragments screened respectively.
Analysis of a natural chinook salmon population with the salmon probe OtSLl revealed extensive variation (15 distinct alleles) and over 90% heterozygosity among twelve individuals examined (Fig. 3) . The bands detected segregated faithfully to offspring in three families, except for one mutated allele in the first family shown in Fig. 2 . To investigate the mutability of this locus further, 23 offspring from the same family were hybridized with the OtSLl probe but no further mutant alleles were observed (data not shown). Analysis of the allele distribution in all offspring showed that the segregation was not significantly different from Mendelian inheritance (x 2 test; P>0.10). The mutation rate observed at the OtSLl locus (approximately 2%, although based on only a single event) is consistent with estimates from other VNTR loci (18) (19) (20) .
The quail DAMD probe hybridized at two or three loci. It is difficult to determine the segregation of the bands in the quail since the parents were from inbred stock and showed very little variation (Fig. 2) . However, two unrelated quail (lanes 1 and 2, Fig. 2) show that there is variation at these loci. The human probe yielded a 9 kb single-locus banding pattern that differed between parents, with a multi-locus pattern at lower molecular sizes (Fig. 2) . Although only a single allele is identified in each parent, both alleles segregated to offspring. Homozygosity can be ruled out for the male parent since only one offspring obtained his allele. The second male parent band may be present at a lower molecular size and thus obscured by the multi-locus signal.
The nucleotide sequence of OtSLl was 382 bases long and, as anticipated, the VNTR core sequence was present in opposite orientation at either end of the sequence (GenBank accession number U02549). The VNTR core sequence primers were found to be missing two bases each at 3' and 5' end of the fragment, presumably due to the exonuclease activity of the T4 DNA polymerase during the blunt-ending reaction. The OtSLl fragment had two other short repeat sequences (distinct from the VNTR primer) present within it. The presence of three repeat structures within this short sequence suggests that DAMDgenerated fragments are derived from regions rich in repeat sequences. Amplification of the OtSLl fragment occurred from oppositely oriented VNTR repeats, analogous to the PCR process that amplifies fragments between Alu repeats in human DNA (21) .
Although we were unable to determine the exact organization of the OtSLl locus (for example whether it contained a local inversion), the fragment did hybridize with chinook salmon genomic DNA at a single highly variable locus. Furthermore, the extreme variation in allele size detected at the OtSLl locus in chinook salmon is very likely due to VNTR variation, perhaps involving one of the three repeat sequences identified.
DAMD represents a potentially useful tool for the identification of species (and perhaps populations or stocks) of organisms using a PCR-based assay. The small amount of DNA required for PCR makes DAMD attractive for applications where only limited tissue is available. Furthermore, DAMD can also be used to efficiently generate highly variable single-locus probes for species where genomic libraries and other molecular tools have not yet been developed. Although many VNTR core sequences have been documented (10, 12) , it is unlikely that DAMD, by itself, would be capable of generating the large number of markers needed for projects such as genetic linkage maps. The chinook salmon probe (OtSLl) was cloned and sequenced in this study, however, this generally would not be necessary for the application of DAMD-generated probes to biological problems associated with relatedness, kinship, or individual identification.
